This paper presents the results of on-orbit system identification of the Engineering Test Satellite-VIII (ETS-VIII), which was launched by the H-IIA Launch Vehicle No. 11 in December 2006. On-orbit system identification experiments were performed using data acquired during normal operations in the initial check-out phase, such as station acquisition and wheel unloading. The satellite's unconstrained modes were identified using attitude rates and data from accelerometers located on the main body, solar array paddles and large deployable antenna reflectors at various solar array paddle angles. In addition, the constrained modal parameters of the solar array paddles and large deployable antenna reflectors were estimated for comparison with the analytical model.
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Introduction
On-orbit system identification experiments were conducted during the initial check-out phase of the Engineering Test Satellite-VIII (ETS-VIII) to estimate its dynamics. Launched by the H-IIA launch vehicle No. 11 in December 2006, ETS-VIII is a 3t-class geostationary satellite with several flexible structures, specifically a pair of large deployable antenna reflectors and a pair of solar array paddles, as shown in Fig. 1 . Its size is about 40m in the north-south direction and 37m eastwest, and its minimum natural frequency is less than 0.1Hz. Since ground-based vibration tests of such a large flexible spacecraft will not yield accurate system identification, on-orbit system identification experiments to estimate the satellite dynamics were planned [1] [2] [3] [4] [5] [6] [7] . Ideally, for system identification it is desirable to excite the structure to induce large vibrations in particular directions. However, such excitations carry a degree of risk and might affect the satellite's mission. For this reason, the ETS-VIII on-orbit system identification experiments were carried out using existing planned operation events that as a side-effect excited the structure in such a way that they could also be used for identification. This is less than ideal since the excited normal modes change depending on the excitation conditions and moreover, the satellite dynamics change with the solar array paddle angle, making the identification of unconstrained modes (vehicle modes) very difficult. In spite of this, however, all the unconstrained modes up to 0.5Hz, which might influence the attitude control system, were successfully identified using attitude rates and accelerometer data. Furthermore, the constrained modal parameters (natural frequencies and damping ratios) of the solar array paddles and the large deployable antenna reflectors were estimated in order to compare the on-orbit identified model with the analytical model constructed with constrained modes.
Precise system identification on orbit enables the attitude controller to be tuned and allows us to evaluate the accuracy of the spacecraft's flexible characteristics estimated in the design phase before launch. The on-orbit identified dynamics were used to design controllers for advanced attitude control experiments that will be conducted in the application phase of the satellite's mission. As further experiments, newly developed robust controllers that treat the satellite dynamics as a multi-input multi-output (MIMO) system will be also implemented and tested, aiming at the establishment of advanced attitude control techniques for flexible satellites 8-10) .
On-Orbit System Identification Experiments
The on-orbit system identification experiments were conducted during the initial check-out activities shown in Table 1 . As a basic policy, we prepared no special maneuvers for system identification but fully exploited those existing planned operations that caused comparatively large vibrations, such as orbit control (station acquisition/keeping), wheel unloading and thruster functional tests, to identify the satellite dynamics using attitude rates (16Hz sampling) and the data from accelerometers located on the main body and the flexible appendages (about 40Hz sampling). For system identification experiments using existing operations, since the excited normal modes depend on the excitation conditions of each experiment, it is necessary to detect the modes in a target frequency band by using vibration data from as many cases as possible. Therefore, events other than those in Table 1 that can be used for identification can also be positively employed. Since it is essentially impossible to judge the validity of the result obtained from a single identification technique used in isolation, several techniques need to be applied to a lot of data to allow their results to be cross-checked and their validity to be judged. In the ETS-VIII on-orbit identification experiments, a variety of frequency-domain and time-domain identification techniques were applied to evaluate the validity of the results 11,12) .
Experiment Results

Identification of Unconstrained Modes
As shown in Fig. 2 , ETS-VIII has 13 accelerometers for system identification: two on the yoke of each solar array paddle (out-plane/in-plane direction), three on the boom of each large deployable antenna reflector (X/X/Yaxis), and three (X/Y/Z-axis) in the main body. The unconstrained modes were identified using the power-and cross-spectra of the attitude rates and the accelerometer signals. Figure 3 shows the natural frequencies of the unconstrained modes of the analytical model and those estimated using flight data obtained from the events in Table 1 . The following unconstrained modes were identified:
• The first and second symmetric out-plane bending modes of the solar array paddles (PDL Out-Plane Bending #1, #2 Sym) • The first and second antisymmetric out-plane bending modes of the solar array paddles (PDL Out-Plane Bending #1, #2 Antisym) • The first symmetric in-plane bending mode of the solar array paddles (PDL In-Plane Bending #1 Sym) • The first antisymmetric in-plane bending mode of the solar array paddles (PDL In-Plane Bending #1 Antisym) • The first symmetric torsion mode of the solar array paddles (PDL Torsion #1 Sym) • The first symmetric torsion mode of the large deployable antenna reflectors (LDR Boom Torsion #1 Sym) • The first antisymmetric torsion mode of the large deployable antenna reflectors (LDR Boom Torsion #1 Antisym) • The first symmetric X-axis bending mode of the large deployable antenna reflectors (LDR Boom X-Bending #1 Sym) • The first antisymmetric X-axis bending mode of the large deployable antenna reflectors (LDR Boom X-Bending #1 Antisym)
As shown in Fig. 3 , the natural frequencies of the unconstrained modes depend on the paddle angle (the angle between the solar array normal and the minus X-axis), especially the first and second antisymmetric out-plane bending modes of the solar array paddles and the first PDL-S1 antisymmetric in-plane bending mode of the solar array paddles, and thus the order of the unconstrained modes changes with the solar array paddle angle. Therefore, it is necessary to identify the unconstrained modes by using a priori information such as the mode shapes of the analytical model, the identification results at various solar array paddle angles, and so forth.
Estimation of Constrained Modes
The constrained modal parameters (the natural frequencies and the damping ratios) of the solar array paddles and the large deployable antenna reflectors were estimated for comparison with the analytical model. The estimation was performed by the least-squares method so that the unconstrained modal parameters (the natural frequencies and the damping ratios) of the analytical model expressed with the estimated constrained modal parameters might be in agreement with the unconstrained modal parameters identified on orbit (see Table 2 ) using the time-domain identification technique based on the subspace method 5) . As mentioned above, since ETS-VIII has several flexible appendages and the complex dynamic characteristic that the order of the unconstrained modes changes depending on the solar array paddle angle, the identification of the unconstrained modes mentioned in §3.1 is indispensable for estimating the constrained modal parameters from the unconstrained ones.
The analytical model expressed in terms of the constrained modal parameters, called the constrained mode model, is written as
where
is the natural angular frequency of the i th constrained mode, n is the number of the constrained modes, x b ∈ 6 , η ∈ n , and u ∈ 6 . "~" denotes the operator that yields the following skewsymmetric matrix from a = a 1 a 2 a 3
Using the natural frequencyf * j and the damping ratioζ * j of the j th identified unconstrained mode sorted in order of increasing frequency in Table 2 , we can estimate the natural frequency f k and the damping ratio ζ k of the constrained mode mainly associated with the j th unconstrained mode as the solution of the following least-squares problem:
wheref j andζ j are the natural frequency and damping ratio of the unconstrained mode of the analytical model in Eqs. (1) and (2) corresponding tof * j andζ * j and are functions of the paddle angle. Solving the leastsquares problem in Eq. (6) for all target unconstrained modes successively gives approximations for the associated constrained modal parameters. However, each unconstrained mode is subject not only to the associated constrained mode, but also somewhat to other constrained modes. Therefore the least-squares problem solving procedure for all target unconstrained modes should be iterated until the estimated constrained modal parameters converge. Although each of the pair of large deployable antenna reflectors and each of the pair of solar array paddles is not completely identical to its counterpart, the characteristic of each pair was estimated assuming that both elements of each pair are identical. Table 3 summarizes the constrained modal parameters of the analytical model and on-orbit identified model. Further, Fig. 4 shows the onorbit identified natural frequencies and those of the analytical model updated with estimated constrained modal parameters. It can be seen that although the least-squares fitting is carried out using one of each pair of unconstrained modes (symmetric/antisymmetric), for the unconstrained modal frequency of the other of the pair there is good agreement between the on-orbit identified model and the updated model.
Conclusions
Dynamics estimation of the ETS-VIII satellite was performed using attitude rates and accelerometer data acquired in on-orbit identification experiments conducted during the vehicle's initial check-out phase. The unconstrained modal parameters, which are directly related to dynamic characteristics of the whole system, were first evaluated, and then the constrained modal parameters (the natural frequencies and the damping ratios) of the large deployable antenna reflectors and the solar array paddles were estimated. The analytical model was assessed using the estimated constrained modal parameters, and the dynamics model was updated to be used in the design of controllers for advanced attitude control experiments. 
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